Running title: Risk prediction models for colorectal cancer ABSTRACT Colorectal cancer (CRC) is the second leading cause of cancer-related death in Europe and the United States. Survival is strongly related to stage at diagnosis and population-based screening reduces CRC incidence and mortality. Stratifying the population by risk offers the potential of improving the efficiency of screening. In this systematic review we searched Medline, EMBASE and the Cochrane Library for primary research studies reporting or validating models to predict future risk of primary CRC for asymptomatic individuals. 12,808 papers were identified from the literature search and nine through citation searching. 52 risk models were included. Where reported (n=37), half the models had acceptable-to-good discrimination (c-statistic>0.7) in the derivation sample. Calibration was less commonly assessed (n=21), but overall acceptable. In external validation studies, 10 models showed acceptable discrimination (c-statistic 0.71-0.78). These include two with only three variables (age, gender and BMI; age, gender and family history of CRC). A small number of prediction models developed from case-control studies of genetic biomarkers also show some promise but require further external validation using population-based samples. Further research should focus on the feasibility and impact of incorporating such models into stratified screening programmes.
INTRODUCTION
Colorectal cancer (CRC) is the second leading cause of cancer-related death in Europe and the United States (1) . Survival is strongly related to stage at diagnosis(2) and populationbased screening has been shown to significantly reduce CRC incidence and mortality (3) (4) (5) (6) .
Stratifying the population into risk categories offers the potential to improve the efficiency of this screening by tailoring the intensity of screening, or preventive approaches, to the predicted level of risk. Providing patients and practitioners with a personalised risk assessment may also encourage engagement in risk reducing behaviours, including participation in screening or prevention programmes and lifestyle changes to reduce incidence of disease (7) .
A number of risk prediction models for CRC have been developed and two previous reviews of these have been published (8, 9) . However, neither was comprehensive, and since those reviews were published several new risk models have been developed. This paper provides the first comprehensive analysis of risk prediction tools for risk of primary colorectal cancer in asymptomatic individuals within the general population. It includes analysis of the range of 87 variables in addition to genes and SNPs included in each model, the predictive ability of the different risk models and their potential applicability and practical use for population based stratification.
MATERIALS AND METHODS
We performed a systematic literature review following an a priori established study protocol (available on request).
Search strategy
We performed an electronic literature search of Medline, EMBASE and the Cochrane Library from Jan 2000 up to March 2014 with no language limits using a combination of subject headings incorporating 'colorectal cancer', 'risk/risk factor/risk assessment/chance' and 'prediction/model/score' (see Supplementary File 1 for complete search strategy for Medline and EMBASE). We then manually screened the reference lists of all included papers.
Study selection
We included studies if they fulfilled all of the following criteria: (i) published as a primary research paper in a peer-reviewed journal; (ii) identify risk factors for developing colon, rectal or colorectal cancer or advanced colorectal neoplasia at the level of the individual; (iii) provide a measure of relative or absolute risk using a combination of two or more risk factors that allows identification of people at higher risk of colon and/or rectal cancer; and (iv) are applicable to the general population. Studies including only highly selected groups, for example immunosuppressed patients, organ transplant recipients or those with a previous history of colon and/or rectal cancer were excluded. Conference proceedings were also excluded after contacting the authors to confirm the results had not been published elsewhere in a peer-reviewed journal.
One reviewer (JUS) performed the search and screened the titles and abstracts to exclude papers that were clearly not relevant. Two reviewers (FW and SG) independently assessed a random selection of 5% of the papers each. The full text was examined where a definite decision to reject could not be made based on title and abstract alone. At least two reviewers (JUS and FW/SG/JE) independently assessed all full-text papers, and those deemed not to meet inclusion criteria by both researchers were excluded. We discussed papers for which it was unclear whether or not the inclusion criteria were met at consensus meetings.
Papers written in languages other than English were translated into English for assessment and subsequent data extraction.
Data extraction and synthesis
Data were extracted independently by at least two researchers (JUS and FW/SG/JE) using a standardised form to minimise bias. The form included details on: (i) the development of the model, including potential risks of bias such as the study design, selection of participants, and the variables considered for inclusion in the model and how they were selected; (ii) the risk model itself, including the variables included and requirement for data collection; (iii) the performance of the risk model in the development population; and (iv) any validation studies of the risk model and/or data collection tool, including the study design and performance of the risk model. In this process the methods of studies published for each risk model were classified according to the TRIPOD guidelines(10) and tabulation of the methods allowed assessment of bias. For studies which included multiple different models, for example separate models for men and women or for self-assessment and physician assessment, all were included separately.
RESULTS

Identified risk models
After duplicates were removed, the search identified 12,808 papers. Of these, 12, 727 were excluded at title and abstract level and a further 50 after full-text assessment. After title and abstract screening by the first reviewer (JUS), no additional papers met the inclusion criteria in the random 10% screened by a second reviewer (FW/SG). The most common reasons for exclusion at full-text level were that the papers included symptomatic populations, were conference abstracts or did not include a risk score ( Figure 1 ). Four were excluded as they included circulating biomarkers that were felt to detect prevalent undiagnosed disease rather than estimate future risk (11) (12) (13) (14) .
Nine further papers were identified through citation searching, giving 40 papers describing 52 risk models for inclusion in the analysis and 6 external validation studies (15) (16) (17) (18) (19) (20) . Table 1 summarises these 52 risk models. Thirteen have advanced colonic neoplasia (defined as invasive cancer, an adenoma 10mm or more, a villous adenoma (at least 25% villous), or an adenoma with high grade dysplasia) as the outcome(21-32), 13 colon cancer (33) (34) (35) (36) (37) (38) (39) (40) (41) , 20 colorectal cancer (CRC) (31, 36, 38, 39, (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) , and 6 rectal cancer (37) (38) (39) . Most include both men and women, but 16 are specific to either men or women. Six include only variables that are available in routine medical records. The majority (n=32) include variables obtained via a self-completed questionnaire.
These range from questionnaires with only one or two simple questions concerning family history (26, 27, 32, 50, 52) , diet (44) or physical activity (38) to those including detailed dietary habits, aspirin/NSAID use, oestrogen and HRT use, inflammatory bowel disease, previous colonoscopy or sigmoidoscopy and polyp history and the most complex including 15 variables (35) . Six, all from the same study, use data from a self-completed questionnaire and results of blood tests for fasting plasma glucose and total cholesterol (39) , four a blood test alone for genetic biomarkers (45, 48, 49, 51) , and four a self-completed questionnaire and genetic biomarkers (43, 54, 46) . Between them, the authors of the 52 risk models considered 87 different risk factors ( Table 2) .
Development of the risk models
Further details of the development of each model and the risks of bias are given in Supplementary Tables 1a-d . Seventeen were developed from case-control studies with cases identified from hospitals or cancer disease registries and controls from primary care (n=1), hospitals (n=5), other research studies (n=2), random-digit dialling (n=7), spouses (n=1), healthy individuals or blood donors (n=1). Seventeen were developed from cohort studies with between 21,581 and 1,326,058 participants and most identifying cases of cancer through cancer registries over a 10-20 year follow-up period. Fourteen were cross-sectional studies of participants attending for screening colonoscopy and all but one had advanced colorectal neoplasia as the outcome. Three risk models were developed from a review of the literature (35) , a meta-analysis of risk factors (47) or modelling in a simulated population (54) .
Discrimination of the risk models
The performance of 42 of the 52 models was reported in at least one of either the development population (n=31), using bootstrapping or cross-validation (n=13), a subset of the initial development population (n=3), or an external population (n=21). Details of the discrimination, calibration and accuracy are given in Table 3 and details of the methods for those using a subset of the initial population or external populations in Supplementary Table   2 . (54) has an AUROC of 0.63 in a simulated population which is no better than those models using only routinely available data in cross-sectional or cohort studies.
Calibration of the risk models
Calibration was reported for 21 of the 52 models. In most cases it was reported as the 
Sensitivity and specificity of the risk models
Sensitivity and specificity were reported for only seven models. Two of these were the genetic models developed by Han and Marshall which have sensitivities of 88% and 71.7% and specificities of 64% and 71.2% in external populations respectively (45, 49) . The other five were all risk models for advanced colorectal neoplasia and range from high sensitivity (92.4%) and low specificity (13.9%) in Kaminski(26) to low sensitivity (40%) and
high specificity (93%) in Stegeman (29) .
Comparison of different outcomes
Five studies (31, 36, 38, 37, 39) simultaneously developed risk models for more than one of advanced colorectal neoplasia, CRC, colon cancer and rectal cancer. All showed that beta-coefficients and included variables differed slightly between different sites but only two provided any comparative data. Tao reported the performance of the same model for predicting advanced colorectal neoplasia or CRC and showed that the discrimination was similar (AUROC 0.68 for advanced colorectal neoplasia and 0.66 for CRC) (31) . Driver showed that the AUROC of a predictive model developed for colon cancer was only slightly superior to the model developed for CRC when predicting CRC risk (0.717 vs 0.695), but the goodness-of-fit test showed it to perform less well than the CRC model (Hosmer-Lemeshow statistic 0.43 vs 0.91) (36) .
DISCUSSION
Principal findings
To our knowledge this is the first comprehensive systematic review of risk prediction models for CRC. It shows that multiple risk models exist for predicting the risk of developing CRC, colon cancer, rectal cancer or advanced colorectal neoplasia in asymptomatic populations, and that they have the potential to identify individuals at high risk 
Strengths and weaknesses
The main strength of this review is our use of a broad search strategy and careful screening of possible papers for inclusion. Whilst we cannot exclude publication bias or the possibility that there are other risk models that we did not identify, using this systematic approach enabled us to identify over 3 times as many risk models as reported in previous reviews in this area (8, 9) . This review is, therefore, the most comprehensive to date and the inclusion of less well cited risk models allows us to demonstrate for the first time the relative performance of simple and more complex models. However, as we included only those risk models applicable to asymptomatic individuals from the general population, these models are not applicable to those with familial syndromes, such as Lynch syndrome or familial adenomatous polyposis, or those with existing cancer. Most of the risk models were developed from predominantly white populations in Europe or America or Asian populations in China, Japan, Taiwan and Korea, with only two from Arabic countries and none from
Australasia. There is a well-recognized high degree of heterogeneity by nationality in CRC incidence with an up to 10-fold difference internationally (57) . Much of this variation is thought to be due to differences in environmental risk factors as the incidence rate of CRC in migrants approaches that of the host country within one or two generations (58) . The risk models in this review may, therefore, be less applicable to these less well represented populations.
Implications for clinicians and policy makers
There is now substantial evidence that the incidence of, and mortality from, CRC can be reduced by screening with faecal occult blood testing(59-61), flexible sigmoidoscopy (62, 63) , or colonoscopy (64) (65) (66) , and multiple economic analyses support the cost-effectiveness of population-based CRC screening (67) (68) (69) . This review shows that risk models exist that have the potential to stratify the general population into risk categories and allow screening and preventive strategies to be targeted at those most likely to benefit whilst leaving those at low risk of disease unexposed to direct and indirect harms of screening programmes. This might improve the cost-effectiveness of CRC screening (70) and would address concerns about demand and capacity for colonscopy (71, 72) . It would also provide an opportunity to implement potential chemo-preventive medications such as non-steroidal anti-inflammatory drugs. These drugs are currently not recommended for asymptomatic adults at average risk for CRC (73) , but both the United States Preventive Services Task Force(74) and a recent international consensus panel (75) advocate additional research into the use of aspirin in highrisk individuals for whom benefits might outweigh the harms. The use of risk prediction models would also potentially increase uptake of screening and provide an opportunity to give information to encourage lifestyle changes. Despite the known mortality benefit of CRC screening, large numbers of eligible people do not participate in CRC screening programs (76, 77) . Whilst the reasons for non-participation are complex, several studies have suggested that high-risk individuals are more likely to be up-to-date with CRC screening and adhere to physician recommendations (77) (78) (79) (80) . Knowledge of their risk, both within or outside screening programmes, may also encourage adoption of more healthy lifestyles which might further improve outcomes: it is estimated that between 30% and 70% of the overall burden of colon cancers in the US and UK populations could be prevented through moderate changes in diet and lifestyle (81, 82) , and information about individualised colon cancer risk has been shown to lead to a reduction in multiple behavioural risk factors in patients with a history of colon adenoma (83) .
Several barriers, however, exist to the incorporation of risk prediction models into practice. The main one is the practical challenge of collecting the necessary risk factor information. Many of the included risk scores used data collected from food frequency questionnaires. Whilst this allows accurate estimates for research, their application is unlikely to be practical at the population level. Similarly, risk scores including genetic biomarkers require sample collection and processing and some means of feeding back results to individuals. Although from figure 2 it appears as if the two models with the highest reported discrimination were both based on genes, these were developed in small case-control studies which will tend to over-estimate performance in the general population. Several risk models including genetic biomarkers also performed no better than those based on routine information and GWA studies of colorectal cancer have shown that the CRC risks associated with each of the variants are at best modest (relative risks of 1.1-1.3), with the distribution of risk alleles following a normal distribution in both CRC cases and controls (84) . As our understanding of these genetic biomarkers increases, and point-of-care genetic profiling becomes more widely available, more accurate models incorporating genomic markers will become easier to implement. A risk model that is able to predict CRC, colon cancer, rectal cancer and advanced colorectal neoplasia would also clearly have more utility in the clinical setting than separate models for each and this review also shows that to be possible: where studies developed separate risk models for different sites, the final models did include different variables, but these differences tended to be small and the performance of the models similar (31, 36) .
Unanswered questions and future research
Whilst the potential clinical and economic benefits of successfully integrating a risk prediction model for CRC into clinical practice could be substantial, it remains to be defined what role the currently available and emerging models can have in practice and a number of steps are required to establish a viable useable risk profile. Firstly, this review provides comparative data on the performance of existing risk models but ideally the choice of risk model for each country would be based on validation studies in each population of interest(10). Further studies are therefore needed to compare the performance of these risk models, including those for different sites, simultaneously in large cohorts. This is particularly the case for those risk models incorporating genetic biomarkers which have mostly been developed using small case-control studies and which may perform substantially less well in population-based studies. Secondly, research is needed to establish the optimal implementation strategies. This includes modelling studies comparing the impact on morbidity and mortality and cost-effectiveness of different implementation strategies in comparison to current programmes based on age alone and consensus meetings with expert groups. Thirdly, qualitative research with members of the public and practitioners is needed to determine how best to communicate the risk output and to assess the feasibility, acceptability of any risk based programme. Finally, before any risk model is introduced into routine clinical practice, implementation studies, ideally randomised controlled trials, are needed to assess the benefits and potential adverse consequences of applying these models in practice. 
